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The cellular responses to ATP are mediated by specific high-affinity receptors designated as P,
purinoceptors, five subclasses of which have been defined pharmacologically - P2x, P2y, Pau,
P,T, and Pyz. A ¢cDNA clone encoding a rat P,y purinoceptor was isolated from an insulinoma
c¢DNA library. The 373-amino acid rat P,y purinoceptor sequence has 85.7% and 37.8% identity
with chicken P2y and rat Py purinoceptors, respectively. The sequence of the mouse Py
purinoceptor was also determined and there was 97.1% amino acid identity with the corresponding
rat sequence. RNA blotting studies showed that rat P,y purinoceptor mRNA was expressed at
variable levels in many tissues including heart, brain, spleen, lung, liver, skeletal muscle and
kidney, although it was not detected in testis. The cloned rat P,y purinoceptor was expressed in
Xenopus laevis oocytes and possessed the properties expected for this receptor subtype. e 1995

Academic Press, Inc.

Extracellular ATP elicits diverse biological responses in every organ and tissue system that
has been studied (1,2). It affects cardiovascular and immune function, acts as a fast excitatory
transmitter in the nervous system, and stimulates platelet aggregation, contractile responses in
smooth muscle cells, secretion of Clions by respiratory epithelial cells and hepatic glycogenolysis.
ATP is also a potent secretagogue in endocrine and neuroendocrine cells including insulin-secreting
B-cells. The cellular responses to ATP are mediated by P; purinoceptors, five subclasses of which
have been defined pharmacologically (Pyx, P2y, Pau, P2t, and Pagz). Of these, the Py and Py
purinoceptors signal through G proteins and P2x receptors are ligand-gated ion channels. Mouse,
rat and human P,y purinoceptors, and chicken and turkey P2y receptors have been cloned and
characterized, and shown to be members of the superfamily of G protein-coupled receptors with
seven transmembrane segments (3-7). Two distinct but structurally-related rat Pox receptors have
also been cloned, and these are members of a new class of ligand-gated ion channels (8,9).

Extracellular ATP stimulates insulin release both in vivo and in vitro and studies using the
perfused pancreas system, isolated islets, and insulinoma cells suggest that islets and B-cells have

*Corresponding author. Fax: (312) 702-9237.

0006-291X/95 $5.00
Copyright © 1995 by Academic Press, Inc.
211 All rights of reproduction in any form reserved.



Vol. 211, No. 1, 1995 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

both P,y and Pyx purinoceptors (10-15). In addition to responding to ATP, B-cells also secrete
ATP which is an important constituent of insulin secretory granules (16) suggesting that ATP has
an autocrine or paracrine role in regulating insulin secretion. As a first step in elucidating the role of
extracellular ATP in regulating insulin secretion and other physiological functions, we have cloned
and characterized rat and mouse P,y purinoceptors.

MATERIALS AND METHODS

Cloning of Rat and Mouse P,y Purinoceptors

Standard molecular biology methods were carried out as described (17). First-strand cDNA
was prepared with 1 pug of RNA and 20 pmol of oligo d(T);¢ primer (Perkin Elmer, Norwalk, CT)
in 20 pl of a solution containing (in mM) 50 Tris-Cl (pH 8.4), 75 KCl, 3 MgCl,, 10 dithiothreitol,
0.125 dNTP, 2 units of RNasin (Promega, Madison, WI), and 200 units Moloney murine
leukemia virus reverse transcriptase (GIBCO BRL, Gaithersburg, MD). Purinoceptor-related
sequences in RINmSF insulinoma cell RNA were amplified using the primers

5’-AGCATCCT(C/G)TTCCTCAC(C/G)TG-3’ and

5’-GAG(G/T/C)A(T/CYC/GYGGGTC(G/A)A(C/G)A/G)CA(G/A)CTGTT-3’
selected from homologous regions of transmembrane domains 3 and 7 of the chicken Py and
mouse and human P,y purinoceptors (the sequence of rat P,y purinoceptor was reported
subsequently). The PCR included: 40 cycles of denaturation for 30 sec at 94°C, annealing for 1
min at 55°C, and extension for 1 min at 72°C. PCR products of approximately 600 bp were
selected by electrophoresis in a 1% low melting point agarose gel, cloned into the Hincll site of
pGEM-3Z (Promega) and sequenced (Sequenase™ version 2.0, United States Biochemical,
Cleveland, OH). Rat P,y purinoceptor cDNA clones were isolated from a RINmS5F ¢cDNA library
by hybridization with 32P-labeled insert from prP2Y-2. The sequence of mouse P,y purinoceptor
was determined from the sequences of overlapping PCR fragments obtained by amplification of
MING6 cDNA with the primer pairs:

1. 5’-CCTCTCGTCGCGGTCTGTCCTT-3" and CACTGACATAAATGGCATTC-3’

2. 5’-GAATGCCATTTATGTCAGTG-3’ and 5’-TGTCAACATAACTGTCATTAT-3’

3. 5-TGTATGTGCTCACCCTACCAG-3’ and 5’-TCCTGCCTTCACAAACTTGTG-3".
At least two cloned PCR products were sequenced and additional clones were sequenced if the
amino acid sequences of mouse and rat Poy purinoceptors differed.

RNA Blotting

A rat multiple tissue Northern blot (Clontech, Palo Alto, CA) was hybridized with 32P-
labeled insert from prP2Y-2.The blot was exposed to X-ray film in the presence of an intensifying
screen at -80 °C for 2 days.
Expression of Cloned Rat P,y Purinoceptor in Xenopus laevis Oocytes

A 2.1-kb EcoRI fragment (corresponding to nucleotides 1-2108) of ARY1 was subcloned
into the EcoRlI site of pGEM-3Z to generate pRY1. pRY1 DNA was linearized with Sall and
synthetic capped rat P,y purinoceptor mRNA (cRNA) was prepared using a kit and T7 RNA
polymerase (Riboprobe Gemini Systems, Promega). Stage IV/V oocytes were prepared as
described (18). The follicular cell layer was removed by enzymatic treatment with collagenase and
manual peeling and oocytes were incubated for 24 hr at 16°C in OR-2 media. Oocytes were
injected with 50 nl (50 ng) of cRNA and incubated for 2-4 days at 16°C in OR-2 media.

Current Measurements in Xenopus Qocytes

Whole oocyte currents were recorded using the conventional two-microelectrode voltage-
clamp technique. The bath solution contained (in mM) 90 NaCl, 2 KCl, 2 CaCl,, 5 HEPES, pH
7.2. Nucleotides and other reagents were dissolved directly in the bath solution just before the
experiments. The pH was adjusted to 7.2 using NaOH and HCI after addition of other reagents.
Electrodes contained 3 M KCl and had resistances from 0.2 to 1 MQ. All experiments were
conducted at room temperature. After electrode penetration, oocytes were allowed to stabilize for at
least 10 min. The membrane currents were conditioned by a two-step voltage-clamp protocol
stepped to -100 mV (1 s) followed by +50 mV (4 s) from the holding potential of -40 mV which
was repeated every 20 s. Current and voltage signals were recorded using a voltage-clamp
amplifier (CA-1, Dagan Instruments, Minneapolis, MN). Results were analyzed with pClamp
software (Axon Instruments).
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Fura-2 Loading of Xenopus Qocytes and Fluorescence Measurements

Oocytes expressing rat Pyy purinoceptors were injected with 50 nl of a solution containing
(in mM) 19 NaCl, 52 KCl, 10 HEPES, pH 7.2, and 0.2 fura-2AM (Molecular Probes, Eugene,
OR) and then incubated at 16°C for 30-60 min before study. The oocyte was illuminated alternately
at 340 and 380 nm using a 75-W xenon arc lamp and fluorescence emission was collected with a
Hamamatsu C2400 video camera (Hamamatsu Photonics, Hamamatsu City, Japan).
Drugs

ATP, ADP, UTP, 2-methylthio-ATP, o,8-methylene-ATP, 2-chloro-ATP and reactive
blue 2 were obtained from RBI  (Natick, MA).

RESULTS

Cloning of Rat and Mouse P,y Purinoceptors

¢DNA s encoding metabotropic ATP receptors expressed in RINmSF insulinoma cells were
amplified using PCR and degenerate oligonucleotide primers. The primer sequences were selected
from conserved regions present in transmembrane segments 3 and 7 of the chicken Pyy (4) and
mouse (3) and human P,y purinoceptors (5). PCR amplification of RINmS5F insulinoma cDNA
generated a discrete product of about 600 bp which was cloned and sequenced. Of the six clones
sequenced, four encoded a protein having 86% amino acid identity with chicken Py purinoceptor
suggesting that they were the rat homolog of this receptor. The sequences of the other two clones,
which were identical, did not have any features of G protein-coupled receptors or correspond to
any known protein in the GenBank/EMBL database.

The insert from the putative rat Py purinoceptor cDNA clone, prP2Y-2, was used to

screen a RINmSF cDNA library by hybridization. One clone, ARY1, having an insert of 3.6 kb
was isolated and sequenced. The longest open reading frame in ARY1 encoded a protein of 373
amino acids (Fig. 1). This open reading frame was preceded by an in-frame stop codon beginning
18 nucleotides upstream of the ATG. The 619 bp 5 -untranslated region of the rat P2Y
purinoceptor cDNA sequence contained five other ATG’s, each closely following by a stop codon.

There was 85.7% amino acid identity and 90.9% similarity between rat and chicken Pyy
purinoceptors, and 37.8% identity and 53.3% similarity between the rat P;y and P2y purinoceptors
(Fig. 1).

The sequence of mouse P,y purinoceptor was determined by sequencing a series of
overlapping PCR products generated by amplification of MING insulinoma cell (19) cDNA with
primers based on the rat cDNA sequence. There was 97.1% amino acid identity between the rat
and mouse sequences (Fig. 1). All sequence differences between the rat and mouse proteins were
confirmed by sequencing additional PCR products obtained from a second PCR reaction.

Tissue Distribution of Rat P,y Purinoceptor mRNA

RNA blotting showed a single transcript of 4.2 kb that was present in heart, brain, spleen,
lung, liver, skeletal muscle and kidney (Fig. 2). Rat Poy purinoceptor mRNA could not be detected
in testis. The P,y purinoceptor mRNA was highly expressed in heart and skeletal muscle and at
lower levels in the other tissues examined. The pattern of expression of Py purinoceptor mRNA
in adult rat tissues was different from that noted in chickens where this mRNA was detected by
RNA blotting in brain and skeletal muscle but not in heart, spleen, lung, spleen or kidney (4).
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Recovery of the current following ATP application required at least 10 min washout. This ATP-

that was not observed in uninjected oocytes (Fig. 3). The current was rapidly activated upon the
application of 100 uM ATP, quickly reached a peak value, and then decayed within 2-3 min.

Xenopus oocytes. Activation of Pyy purinoceptors in vivo leads to an increase in [Ca2+]; due to
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Fig. 2. Tissue distribution of rat P,y purinoceptor mRNA. A RNA blot containing 2
pg of poly(A)+ RNA from various rat tissues was hybridized with the insert from prPY-2
(nucleotides 1031-1604 of the cDNA sequence). RNA size markers are shown on the left.

Fig. 3. Expression of cloned rat P,y purinoceptor in Xenopus oocytes. A. The
upper panels show current recordings of a control uninjected ococyte (left) and an oocyte injected
with 50 ng of rat P2y purinoceptor cRNA (right). The lower panels show the average measured
outward current during the +50 mV voltage step with the corresponding recording time. The bars
above the current records indicate the periods during which 100 utM ATP was applied to the bath
solution. B. The relationship between the maximal outward current as a function of external ATP
concentration in a single oocyte expressing the rat P,y purinoceptor.

activated current was observed in 11 of 32 injected oocytes using four different cRNA
preparations. The effects of other purinoceptor ligands on membrane current were also studied
(1,2,21). This current could be activated by 10 uM 2-chloro-ATP and 2-methylthio-ATP which are
P,y purinoceptor-selective agonists (Fig. 4) and was inhibited by the Pyy purinoceptor antagonist
reactive blue 2 (Fig. 5). Addition of the P,y receptor-selective agonist UTP (10 uM) had no effect
although current was observed on application of 300 pM UTP (data not shown). There was also
no response to the P2x purinoceptor specific agonist 10 uM o-8-methylene-ATP. These results are
consistent with the cloned receptor being a P,y purinoceptor.

The effect of extracellular ATP on [Ca2+]; was also measured directly by imaging fura-2
fluorescence. In 2 of 2 oocytes identified by voltage clamp to have a robust response to

extracellular ATP, application of 100 uM ATP caused a rapid increase in fluorescence at 340 nm
and a corresponding decrease at 380 nm (Fig. 5). ATP had no effect on control oocytes (data not

shown).
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Fig. 4. Selectivity of cloned rat P,y purinoceptor. A. Current responses of a single
oocyte injected with 50 ng of rat P,y purinoceptor cRNA to the application of 10 pM ATP, 2-

chloro-ATP, o,B8-methylene-ATP, and 2-methylthio-ATP are shown. The time intervals between
each recording were 50, 40 and 20 min, respectively. B. Effect of reactive blue on current
recordings of an oocyte injected with 50 ng of rat P,y purinoceptor cRNA in response to
application of 10 uM 2-methylthio-ATP.

DISCUSSION

Extracellular ATP affects many physiological responses including insulin secretion (1,2,
10-15). The presence of high concentrations of ATP and ADP in insulin secretory granules that are
co-secreted with insulin suggests a role for these nucleotides in the autocrine or paracrine
regulation of pancreatic islet function (16). In this regard, pancreatic islets are composed of a
heterogeneous population of B-cells with differential sensitivity to glucose (22). ATP may amplify
the effects of glucose on adjacent pancreatic 8-cells and thereby integrate the overall insulin
secretory response of the islet.

Insulinoma cells express both metabotropic and ionotropic purinoceptors (12-14) implying
that individual B-cells themselves express more than one type of ATP receptor. Pharmacological
studies indicate that P,y purinoceptors may mediate at least some of the effects of extracellular ATP
on insulin secretion in vivo (15). The contribution of ligand-gated ATP receptors such as Poy
purinoceptors to the islet response to glucose is less clear. The cloning of P2y and Py
purinoceptors and two forms of P3x purinoceptors from mammalian cells will allow the role of

each of these receptors in mediating the effects of ATP on cell function to be examined directly.
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Fig. 5. Cloned rat Py purinoceptor mediates release of [Ca2+];. A. Images of fura-2
fluorescence (ratio 340/380) of a single oocyte injected with 50 ng of rat P,y purinoceptor cRNA.
B. Average 3407380 ratio at different times. The signal of the whole area of the oocyte was
averaged. The arrow indicates the time at which 100 uM ATP was applied. Background
fluorescence was subtracted prior to calculation of 340/380 ratio. a-f correspond to the fura-2
fluorescence at the intervals noted in A.

ACKNOWLEDGMENTS

We thank Dr. Jun-ichi Miyazaki for providing us with MING6 insulinoma cells. This study

was supported by NIH Grants DK-20595 and -44840 and HL-20592, the Juvenile Diabetes
Foundation International, and the Howard Hughes Medical Institute.

[ T O U R S

REFERENCES

Dubyak, G.R., and el-Moatassim, C. (1993) Am. J. Physiol. 265, C577-C606.

Fredholm, B.B., Abbracchio, M.P., Burnstock, G., Daly, J.W., Harden, T.K., Jacobson,
K.A., Leff, P., and Williams, M. (1994) Pharmacol. Rev. 46, 143-156.

Lustig, K.D., Shiau, A.K., Brake, A.l., and Julius, D. (1993) Proc. Natl. Acad. Sci. USA
90, 5113-5117.

Webb, T.E., Simon, J.,, Krishek, B.J., Bateson, A.N., Smart, T.G., King, B.F,
Burnstock, G., and Barnard, E.A. (1993) FEBS Lett. 324, 219-225.

Parr, C.E., Sullivan, D.M., Paradiso, A.M., Lazarowski, E.R., Burch, L.H., Olsen, J.C.,
Erb, L., Weisman, G.A., Boucher, R.C., and Turner, J.T. (1994) Proc. Natl. Acad. Sci.
USA 91, 3275-3279.

217



Vol.

10.
11.
12.
13.
14.
15.
16.
17.

18.
19.

20.
21.

22.

211, No. 1, 1995 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Filtz, T.M,, Li, Q., Boyer, J.L., Nicholas, R.A., and Harden, T.K. (1994) Mol. Pharmacol.
46, 8-14.

Rice, W.R., Burton, F.M,, and Fiedeldey, D.T. (1995) Am. J. Respir. Cell Mol. Biol. 12,
27-32.

Valera, S., Hussy, N., Evans, R.J., Adami, N., North, R.A., Surprenant, A., and Buell, G.
(1994) Nature 371, 516-519.

Brake, A.J., Wagenbach, M., and Julius, D. (1994) Nature 371, 519-523.

R-Candela, J.L., and Garcia-Fernando, M.C. (1963) Nature 197, 1210.

Blachier, F., and Malaisse, W.J. (1988) Biochim. Biophys. Acta 970, 222-229,

Geschwind, J-F., Hiriart, M., Glennon, M.C., Najafi, H., Corkey, B.E., Matschinsky,
F.M,, and Prentki, M. (1989) Biochim. Biophys. Acta 1012, 107-115.

Arkhammar, P., Hallberg, A., Kindmark, H., Nilsson, T., Rorsman, P., and Berggren, P-O.
(1990) Biochem. J. 265, 203-211.

Theler, J-M., Mollard, P., Guérineau, N., Vacher, P., Pralong, W.F., Schlegel, W., and
Wollheim, C.B. (1992) J. Biol. Chem. 267, 18110-18117.

Hillaire-Buys, D., Chapal, J., Bertrand, G., Petit, P., and Loubati¢res-Mariani, M.M. (1994)
Fundam. Clin. Pharmacol. 8, 117-127.

Leitner, J.W., Sussman, K.E., Vatter, A.E., and Schneider, F.H. (1975) Endocrinology 95,
662-6717.

Sambrook, J., Fritsch, E.F., and Maniatis, T. (1989) Molecular Cloning, 2nd ed., Cold
Spring Harbor Laboratory Press, Cold Spring Harbor.

Goldin, A.L. (1992) Methods Enzymol. 207, 266-279,

Miyazaki, J-1., Araki, K., Yamato, E., Ikegami, H., Asano, T., Shibasaki, Y., Oka, Y., and
Yamamura, K-1. (1990) Endocrinology 127, 126-132.

Boyer, J.L., Zohn, LE., Jacobson, K.A., and Harden, K.T. (1994) Br. J. Pharmacol. 113,
614-620.

Burnstock, G., Bischer, B., Hoyle, C.H.V., Maillard, M., Ziganshin, A.U., Brizzolara,
A.L., von Isakovics, A., Boyer, J.L., Harden, K.T., and Jacobson, K.A. (1994) Drug
Develop. Res. 31, 206-219.

Pipeleers, D.G. (1992) Diabetes 41, 777-781.

218



